supporting cytosolic glycolysis during seed maturation when ATP supply is low, presumably due 1 6 to hypoxic conditions. This route is the major route providing precursors for seed oil 1 7 biosynthesis. ATP-dependent reactions at the entry point of glycolysis in the cytosol or plastid (PPA1) and At3g53620 (PPA4) show significant expression during the seed maturation phase.
6
Transgenic lines generated with a construct, pKR92-PPA HP (Suppl. Fig. S3 ), directing 7 RNAi of At1g01050 and At3g53620 during seed maturation, show a heritable increase of seed 8 oil content ranging from 1-4 % points (Fig 7, Table V) . We previously generated transgenic 9 lines with a construct for seed-preferred RNAi, pKR1482-PPA1, that is only comprised of 1 0 coding sequences of At1g01050 (Suppl. Fig. S4 ). As At1g01050 and At3g53620 share 78 % 1 1 DNA sequence identity, including stretches of DNA sequence of greater than 21 nucleotides, it is 1 2 likely that events generated with pKR1482-PPA1 will show silencing of both PPiase genes 1 3 expressed during seed maturation. In keeping with this the pKR1482-PPA1 construct also 1 4 produced events with a heritable increase of seed oil content of 1.5 -3 % points (data not shown). Mature T3 seed of three events K14700, K46696 and K46698 generated with this construct were subjected to analysis of seed composition (Table VI) . In mature seed of these 1 7 events the oil increase is associated with a decrease in protein content while soluble carbohydrate 1 8 levels are unchanged.
9
In summary we have shown that modulation of cytosolic pyrophosphatase activity exerts 2 0 significant control over glycolytic mobilization of sucrose for seed oil biosynthesis. The 2 1 increased seed oil phenotype of events with seed-prefered RNAi of genes encoding cytosolic 2 2
PPiase enzymes suggests that availability of cytosolic pyrophosphate alone limits utilization of 2 3 sucrose for seed oil biosynthesis. We infer from this that cytosolic PPiase activity (and most cytosolic PPiase enzyme activity during the maturation phase of oil seed filling remains mostly 2 9 enigmatic at this point but could include a role in maintaining cytosolic PPi homeostasis by acting in conjuction with PFP, UGPase and H+ translocating PPiases (Stitt, 1998 
Role of pyrophosphatases in metabolism 7
PPi is generated in all prokaryotic and eukaryotic cells in many anabolic reactions including the 8 synthesis of macromolecules such as proteins, DNA, RNA and starch (Heinonen, 2001 ). In 9 many cases the role of PPiase enzymes is to keep the equilibrium of these biosynthetic reactions 1 0 on the side of the product by hydrolysis of the co-product of the anabolic reaction. In keeping plastids due to high levels of PPiase activity detected in this organelle. In contrast PPi levels are 1 6 in the 0.1-0.3 mM range in the cytosol which is commonly explained by the inability to detect 1 7
PPiase activity in this cell fraction (Weiner et al. 1987; Stitt, 1998) . The role of pyrophosphate 1 8 in plant metabolism has been studied in detail mostly in the context of carbohydrate metabolism. The role of cytosolic PPi in plant carbohydrate metabolism has been investigated using Jelitto et al., 1992; Lee et al., 2005) . Constitutive expression leads to pleiotropic growth defects and increased accumulation of sucrose, hexoses, nucleotide sugars and transient starch in photosynthetic tissues. In potato tubers, a non-photosynthetic sink tissue, constitutive expression of heterologous PPiase activity increases levels of soluble sugars including sucrose, but in 1 contrast to photosynthetic tissues increased levels of nucleotide sugars are accompanied by 2 increased rates of sucrose degradation and starch accumulation (Geigenberger et al., 1998) . The 3 increased levels of hexoses and nucleotide sugars in source tissues and reduced sink strength in 4 non-photosynthetic tissues (Jelitto et al., 1992) show wild type levels of oil and protein in dry seed and only a transient obstruction of seed fill is described that carry loss-of function alleles of genes encoding components of this pathway.
2
We acknowledge that the compositional phenotype of immature siliques or seed of the 3 lo15571 mutant and GY1::At1g01050 events is somewhat reminiscent of the tuber phenotype of 4 potato plants expressing heterologous PPiase enzymes in the cytosol (Geigenberger et al., 1998) .
5
However, it should be noted that we are altering expression of an endogenous cytosolic 6 pyrophosphate enzyme (instead of introducing a heterologous enzyme that may operate in an 7 unregulated mode). Thus we provide, for the first time, direct evidence for the role of PPiase enzyme during seed fill only leads to a small increase in sucrose but a more significant synthesis (Taiz 1986; Dancer and ap Rees 1989; Stitt,1998; Heinonen, 2001 ). In the latter 2 0 reaction, ATP is converted to PPi when fructose1,6-bisphosphate synthesized by PFK is 2 1 converted to fructose 6-phosphate (Fig. 5) . Increased futile cycling through these reactions may Our findings also further clarify the relative contribution of cytosolic and plastidic importance of the former. This complements results from metabolic flux analysis that is not 2 7 always able to resolve this aspect of seed filling due to rapid exchange of labeled glycolytic intermedediates between plastidic and cytosolic compartments (Schwender et al., 2003) . A method for screening Arabidopsis seed density was modified from Focks and Benning (1998). were collected. Organic solvents were removed by sequential washing with 100 % and 80 % 1 6
MATERIALS AND METHODS
ethanol and seeds were sterilized using a solution of 5 % hypochloride (NaOCl) in water. Seed
were rinsed in sterile water and plated on MS media comprised of 0.5 x MS salts, 1% sucrose, USA). A total of 520 T3 pools each derived from 96 T2 activation-tagged lines were screened in 2 0 this manner. Seed pool 225 when subjected to density gradient centrifugation as described above
produced about 20 seed with increased density. These seed were sterilized and plated on 2 2 selective media. Seedlings were transferred to soil 2 weeks after plating and grown in the same 2 3
36 cell flat alongside wt control plants.
4
NMR-based analysis of seed oil content 2 5
Seed oil content was determined using a Maran Ultra NMR analyzer (Resonance Instruments
Ltd, Whitney, Oxfordshire, UK). Samples (e.g., batches of Arabidopsis seed ranging in weight 3. 6, 6.3, 7.9, 9.6,12.8, 16.3, 20.3, 28.2, 32.1, 39.9 and 60 mg of partially purified Arabidopsis ground to a homogeneous paste in a GENOGRINDER® (3 x 30sec at 1400 strokes per minute, prior to analysis. Frozen developing silique tissue was ground to a fine powder and lyophilized. 4-8 mg were used for analysis. Protein contents were calculated by multiplying % N, determined 2 5
by the analyzer, by 6.25. Protein contents were expressed on a % tissue weight basis.
6
Determination of oil content: Triplicate tissue samples, 20 -50 mg, were weighed into 2 7
13x100mm glass tubes. Gravimetric analysis of oil content was performed by adding 2 ml 2 8
aliquots of heptane to each tube. The tubes were vortex mixed and placed into an ultrasonic bath filled with water heated to 60 ºC. The samples were sonicated at full-power (~360 W) for 15 min 1 and were then centrifuged (5 min x 1700 g). The supernatants were transferred to clean tubes and 2 the pellets were extracted 2 more times with heptane (2 ml, second extraction; 1 ml third 3 extraction) with the supernatants from each extraction being pooled. After lipid extraction 1 ml 4 acetone was added to the pellets and after vortex mixing, to fully disperse the material, they were 5 taken to dryness in a Speedvac.
Soluble carbohydrate extraction: Two ml of 80% ethanol was added to the dried pellets from 7 above. The samples were thoroughly vortex mixed until the plant material was fully dispersed in 8 the solvent prior to sonication at 60 ºC for 15 min. After centrifugation, 5 min x 1700 g, the 9 supernatants were decanted into clean 13x100mm glass tubes. Two more extractions with 80% 1 0 ethanol were performed and the supernatants from each were pooled. The extracted pellets were 1 1 suspended in acetone and dried (as above). 100 μL of 5mg mL -1 of β-phenyl glucopyranoside was
added to each extract prior to drying in a Speedvac.
3
Starch extraction: The acetone dried powders from above were suspended in 0.9 ml MOPS (3- heat-stable α-amylase (from Bacillus licheniformis; Sigma). Samples were placed in a heat block 1 6
(90 ºC) for 75 min and were vortex mixed every 15 min. Samples were then allowed to cool to 1 7 room temperature and 0.6 ml acetate buffer (285mM, pH 4.5) containing 5 U amyloglucosidase 1 8
(Roche) was added to each. Samples were incubated for 15 -18 h at 55 ºC in a water bath fitted 1 9
with a reciprocating shaker; standards of soluble potato starch (Sigma) were included to ensure 2 0 that starch digestion went to completion. Post-digestion the released carbohydrates were 2 1 extracted as described above.
2
Sample deriviatization and analysis: The dried samples from the soluble sugar and starch 30 mg/ml of hydroxylamine HCl (Sigma-Aldrich). Samples were placed on an orbital shaker 2 5
(300 rpm) overnight and were then heated for 1 hr (75 ºC) with vigorous vortex mixing applied 2 6 every 15 min. After cooling to room temperature, 1ml hexamethyldisilazane (Sigma-Aldrich) 2 7
and 100 µl trifluoroacetic acid (Sigma-Aldrich) were added. The samples were vortex mixed and 2 8 the precipitates were allowed to settle prior to transferring the supernatants to GC sample vials.
9
Samples were analyzed on an Agilent 6890 gas chromatograph fitted with a DB-17MS capillary run in the same chromatographic set and by GC-MS with spectral matching to the NIST Mass An adaptor was generated by annealing primers AD1 the left border of pHSbarENDs2 (Suppl. Fig. S1 ) was amplified by SAIFF exactly as described
by Muszynski et al., (2006) using genomic DNA digested with AluI, the adaptor described PCR reaction. PCR products were cloned and sequenced. seeds. The PCR product was cloned into pENTR (Invitrogen, USA) to give pENTR-PPA1. The recombinase (Invitrogen, USA) using manufacturer instructions to give pKR1478-PPA1 (Suppl. Arabidopsis seeds that is flanked by NotI, XbaI or PstI and EcoRI restriction sites, respectively.
5
The PCR products were cloned into pBSKS+ (Stratagene) to give pBSKS-PPA4-TR1A and 6 pBSKS-PPA4-TR1B, respectively. Primers SA327 (tctagacgaccagctcctcgtcttaacgag) and SA 328 (Suppl. Fig S3) .
4
Construction of a plasmid for seed-preferred RNAi of At1g01050 : We used pENTR-PPA1 and ORF in sense and anti-sense orientation downstream of the GY1 promoter using Gateway LR 2 7
recombinase (Invitrogen, USA) using manufacturer instructions to give pKR1482-PPA1 (Suppl.
8
Fig . S4 ). buffer-exchanged in 2.5 mL aliquots on PD10 columns (GE Healthcare, USA) into 100 mM Tris,
HCl, pH7.5 500 mM NaCl. Buffer-exchanged extract (40 mL) was loaded onto a HiTrap Tris/HCl (pH 7.5), 500mM NaCl, 20 mM Imidazole), Solvent B (100 mM Tris/HCl (pH 7.5), protein of 25 kDA were pooled, buffer exchanged, into 20 mM Tris/HCl (pH 7.5), 5% glycerol.
9
Analysis of an overloaded PAGE gel indicates that the Ni 2+ affinity-purified At1g01050 protein is > 95% pure. In this manner 80 mg of At1g01050 protein could be purified from 2L of E. coli 1 culture. Purified At1g01050 protein was used to raise antibodies in rabbits (Rockland 2 Immunochemicals Inc.). separated by PAGE using 10% NuPAGE Bis-Tris gels (Invitrogen) transferred to nitrocellulose 8 membranes using the iBlot™ electro-blotting system (Invitrogen). Western blots were developed 9 using 1:1000 and 1:5000 dilution of primary and secondary antibodies, respectively and the BM 1 0 chemiluminescence detection kit (Roche Diagnostics, Germany).
1

Phylogenetic analysis 1 2
Predicted amino acid sequences of At1g01050 and the four closely related homologs At2g18230,
At2g46860, At3g53620, and At4g01480 were used to search genome sequence of maize: Public Genome Institute and the Center for Integrative Genomics. Overexpression of pyrophosphatase leads to increased sucrose degradation and starch synthesis, Seed-specific over-expression of an Arabidopsis cDNA encoding a diacylglycerol Brassica rapa L.: Relationship of silique atmosphere to storage reserve deposition. Expression of ZmLEC1 and ZmWRI1 increases seed oil production in maize. Plant Physiology for the silique protein samples.
8
Figure 3 tree. The evolutionary distances were computed using the Poisson correction method were performed in triplicates. Mean comparisons that were not significant at the 10 % level 1 1
(probT, homoscedastic t-test ≤ 0.1; Microsoft Excel) are indicated by ns. by ns. 
Figure 1
A Seed oil content of T3 plants derived from low oil (high density) seed selected by density gradient centrifugation of T3 seed pool 225 representing seed from 96 independent pHSbarENDs2 events () and untransformed wt control plants (). B Seed oil content of phosphinotricine-resistant T4 progeny of lo15571 () and untransformed wt control plants (). C Seed oil content of phosphinotricine-resistant BC0F2 progeny of a plant that was heterozygous for the lo15571 transgene ( ) , phosphinotricine resistant T6 progeny of the lo15571 parent (), and untransformed wt control plants (). 
Figure 4
Immunoblot analysis of At1g01050 protein expression in developing siliques wt plants and of two homozygous transgenic events (K46562 and K46564) expressing At1g01050 under control of the seedpreferred GY1 promoter. Buffer-exchanged silique protein extracts and a recombinantly-produced At1g01050 protein standard were separated by SDS/PAGE and transferred to nitrocellulose membrane. The At1g01050 protein was detected with polyclonal rabbit antisera raised against the purified At1g01050 protein. A second SDS/PAGE gel was run with identical samples. The coomassie-stained large subunit of Rubisco (RbcL) is provided as a loading control for the silique protein samples.
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Figure 5
Simplified scheme of reactions of sucrose mobilization, interconversions within the hexose-phosphate pool, starch biosynthesis and early reactions of glycolysis during arabidopsis seed maturation. Abbreviations: AGPase: ADP-glucose pyrophosphorylase, inv: invertase, pfk: ATP-dependent phosphofructokinase, pfp: pyrophosphatedependent phosphofructokinase pgi: phosphoglucoisomerase, pgm: phosphoglucomutase, ppi:pyrophosphate, ppiase: pyrophosphatase, sus: sucrose synthase, UGPase: UDP glucose pyrophosphorylase
Figure 7
Seed oil content of T1 plants generated with a construct for silencing of At1g01050 and At3g53620 under control of the seed-preferred GY1 promoter () and untransformed wt control plants (). Events with increased oil content that were advanced to T2 grow-out and oil analysis (Table V) are bracketed.
